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ABSTRACT: The temperature-dependent conformational change of poly(N-isopropylacryl-
amide) (PNIPAM) brushes in D2O was investigated as a function of the molecular weight
(M) at a high grafting density with neutron reflection. PNIPAM chains with three different
M values were grafted at the same high surface density from a gold surface by atom
transfer radical polymerization. A significant change in the segment concentration profile
was observed for all three samples as the temperature passed through the lower critical
solution temperature (�30 °C), in contrast to previous results obtained for samples with
much lower surface density. Somewhat surprisingly, the fractional change in the first
moment of the segment concentration profile (�z�) from 20 to 41 °C was weaker with
increasing M. This is contrary to the trend for systems involving only van der Waals (VDW)
interactions, in which higher M chains experience larger conformational changes with
change in solvent quality. Indeed, the M dependence of the first moment of the segment
concentration profile for the grafted PNIPAM chains at 20 °C was much weaker than has
been reported previously for dense brushes involving only VDW interactions under good
solvent conditions. At 20 °C, the form of the segment concentration profile varied system-
atically with M. A single-layer profile resulted for the highest M, but the profiles became
more bilayer in character with decreasing M. At 41 °C, the profiles for all three samples
were adequately described by a single dense layer with a smooth transition region to bulk
D2O. The weak dependence of �z� on M at 20 °C and the trend from a bilayer profile at lower
M to a single-layer profile at higher M appear to be related. These results are interpreted
in terms of concentration-dependent segment–segment interactions that result in a weak
attraction for high segment densities at 20 °C. © 2004 Wiley Periodicals, Inc. J Polym Sci Part
B: Polym Phys 42: 3302–3310, 2004
Keywords: poly-(N-isopropylacrylamide); grafted polymers; conformational analysis;
neutron reflectivity

INTRODUCTION

Poly(N-isopropylacrylamide) (PNIPAM) is one of
the most well studied temperature-responsive poly-

mers.1–4 Free chains of PNIPAM in aqueous solu-
tions exhibit a lower critical solution temperature
(LCST) of approximately 30 °C, which is attributed
to alterations in the hydrogen-bonding interactions
of the amide group.1,5–7 PNIPAM in various forms
has been explored for a variety of applications,
including controlled drug delivery,8,9 solute
separation,10,11 tissue culture substrates12,13
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and controlled adsorption of proteins,14,15 blood
cells,16 and bacteria.17 With respect to grafted
chains of PNIPAM, many useful applications
have been explored. Some of these applications
may depend on the magnitude of chain confor-
mational changes, in addition to changes in lo-
cal interactions. However, little attention has
been paid to the detailed dependencies of the
conformational changes on the molecular
weight (M) and grafting density (�; chains/Å2).
We have initiated such a study with neutron
reflection (NR), which is uniquely suited to ad-
dressing this question.

NR provides information about the scattering
length density (SLD) distribution normal to the sur-
face, which is directly related to the density and
atomic composition. Under the assumption of addi-
tivity of volumes, the PNIPAM segment concentra-
tion profile [�(z)] can be calculated from the SLD
profile. NR has proved to be a powerful tool for
studying the molecular arrangement of polymers at
surfaces and interfaces.18–21 The technique has ex-
cellent spatial resolution (�10 Å) normal to the
surface. Strong contrast between chemical species
can be obtained through deuterium labeling. Other
techniques have been used previously to study the
transition with temperature for PNIPAM grafted or
adsorbed chains. These include surface plasmon
resonance,22 atomic force microscopy (AFM),23,24

hydrodynamic radius measurements by dynamic
light scattering,25–27 and contact-angle measure-
ments.22,23,28,29 All provide useful information, but
none of these techniques reveal the detailed seg-
ment concentration profile.

Previously, Yim et al.30 used NR to investigate
the conformational changes of PNIPAM tethered
chains with temperature in D2O for samples with
dry film thicknesses of less than 40 Å. These PNI-
PAM layers were tethered with either end-function-
alized preformed polymers or a chain-transfer free-
radical method. The concentration profiles of the
PNIPAM brushes were determined in D2O as a
function of temperature and also in deuterated ac-
etone at room temperature. Profiles were obtained
in the two solvents to investigate the role of the
solvent in mediating interactions. The profiles in
D2O were bilayers, whereas the profiles in acetone
were smoothly decaying single-layer profiles. The
low segment concentration at the surface in acetone
indicated that the surface density of these brushes
was quite low. For these low-surface-density
brushes, the conformational changes with temper-
ature in D2O were very subtle. No collapse transi-
tion was observed.

More recently, we began a study of the conforma-
tional change of PNIPAM brushes synthesized by
atom transfer radical polymerization (ATRP).31

With ATRP, PNIPAM brushes can be prepared
with a much higher surface density than that
achieved with the other methods in our previous
work. For a sample with a dry film thickness of 215
Å, we observed significant changes in the conforma-
tion with temperature and reported segment con-
centration profiles for various values between 20
and 41 °C.31

In this work, we report the effect of M on the
conformational change of PNIPAM grafted chains
with temperature, considering only the states well
above and well below the transition temperature.
We report results for three samples with the same
high � value but different M values prepared by
ATRP. The three samples had dry film thicknesses
of 360, 215, and 64 Å and corresponding M values of
71,000, 44,000, and 13,000 g/mol at a surface
density of 0.0031 chains/Å2.32 Using data for the
radii of gyration of free PNIPAM chains in water at
20 °C from Kubota et al.,33 the reduced surface
densities (� � ��Rg

2, where Rg is the free-chain
radius of gyration) for the three samples were esti-
mated to be 78 (71,000 g/mol), 46 (44,000 g/mol),
and 12 (13,000 g/mol) and thus were all well into the
overlapping regime.

EXPERIMENTAL

Materials

1-Dodecanethiol, 11-mercapto-1-undecanol, 2-
bromopropionyl bromide, CuBr, and 1,4,8,11-
tetramethyl-1,4,8,11-tetraazacyclotetradecane
(Me4cyclam) were purchased from Aldrich
Chemical Co. N-Isopropylacrylamide (NIPAM),
D2O (99.9 atom %), anhydrous dimethylform-
amide (DMF), and anhydrous tetrahydrofuran
were also purchased from Aldrich Chemical. NI-
PAM was recrystallized from hexane; all other
materials were used as received.

Grafting of PNIPAM onto the Gold Surface

The PNIPAM brushes were synthesized by
ATRP with CuBr and Me4Cyclam as a catalyst
system. The synthetic procedure is described in
detail elsewhere.22 Thin layers of chromium
(30 Å) and gold (110 Å) were sequentially sput-
tered onto a silicon wafer. The gold-coated wafers
were cleaned in a UV/ozone chamber for 20 min
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and were then submerged overnight in an ethanol
solution containing a mixture of 1-dodecanethiol
and 11-mercapto-1-undecanol (10/90 v/v). After
an ethanol rinse, the self-assembled monolayers
(SAMs) were treated with 2-bromopropionyl bro-
mide (0.1 M) in the presence of triethylamine
(0.12 M) for 2–3 min for conversion into a bromo-
terminated ester. The initiator-modified samples
were placed into a DMF solution containing the
NIPAM monomer and CuBr/Me4cyclam catalyst
(0.2 M) and were allowed to react for various
periods of time so that different M values could be
obtained. Three samples were prepared with dry
film thicknesses of 64, 215, and 360 Å, as mea-
sured by ellipsometry and NR, with good agree-
ment between the results of the two methods.
Because these samples were prepared in the same
way and had the same fraction of active sites on
the surface in each case, we assumed that the
surface density was constant and that the sam-
ples varied only in M and, perhaps, polydisper-
sity. The samples were rinsed with DMF and
ethanol to terminate the reaction and then were
cleaned with deionized water and methanol to
remove the unbound polymer.

Instrumentation

The neutron reflectivity measurements were per-
formed on the NG7 reflectometer at the National
Institute of Standards and Technology. A fixed
wavelength of 4.75 Å was used. Reflectivity data
from the protonated PNIPAM layers in deuter-
ated water were obtained as a function of the
wavevector (q � 4�sin�/�, where � is the angle of
incidence with respect to the plane of the inter-
face and � is the wavelength) from 20 to 41 °C
using a liquid cell described elsewhere.34 In this
geometry, the neutron beam entered and exited
through the sides of a thick silicon wafer sub-
strate to impinge on the PNIPAM interface with
D2O. Neutron reflectivity probes the SLD profile
normal to the surface, which is determined by the
density and atomic composition. The SLD profiles
were converted into volume fraction profiles un-
der the assumption of additivity of volumes. The
SLD profiles were modeled by a stack of slabs;
each slab was assigned an SLD, a thickness, and
a roughness described by a Debye–Waller factor.
Two approaches were used. In the first approach,
the data were analyzed with a small number of
unconstrained layers (one or two) to represent the
grafted PNIPAM profile. In the second approach,
the profile was modeled by a large number of

layers (2 Å thick) in which the SLD values were
constrained to follow various functional forms,
such as a parabola or the sum of two parabolas.
The Debye–Waller factor between the 2-Å slabs
was fixed at zero in the latter case. To constrain
the fits, we determined the thicknesses and SLD
values of the Cr, Au, silicon oxide, SAM, and dry
PNIPAM films in separate experiments. To ac-
complish this, three preliminary experiments
were performed: a sample containing only the
metal films was measured with X-ray reflectivity
(XR), a sample containing the metal films and
SAM but not PNIPAM was measured in the pres-
ence of D2O in the liquid cell by NR, and the
sample with all layers was measured in vacuo
with NR. The SLD of the SAM layer was obtained
in the presence of D2O to account for any D2O
that penetrated this layer. The reflectivity was
calculated from the stack of slabs with the optical
matrix method.18,35 Best fit profiles were deter-
mined by minimization of least squares. XR, used
to determine the electron density profile normal
to the surface,18 was performed both at
Sandia National Labs and at the National Insti-
tute of Standards and Technology.

RESULTS AND DISCUSSION

NR data for the 71,000 g/mol PNIPAM sample in
D2O at 20 and 41 °C are shown in Figure 1(a). The
data are displayed as the reflectivity � q4 to com-
pensate for the q�4 decay due to the Fresnel law.
The data are shifted on the y axis for clarity.
Large changes in the reflectivity can be observed
as a function of temperature for q � 0.04 Å�1,
reflecting the change in the PNIPAM segment
concentration profile. The reflectivity for q
	0.04 Å�1 is dominated by the metal layers and
shows little change with temperature. The reflec-
tivity returned to that of the original curve upon
a subsequent decrease in the temperature to 20
°C. Good reversibility was obtained for several
heating–cooling cycles. The best fit profiles are
shown in Figure 1(b). The profiles show that the
PNIPAM chains contract upon heating from 20 to
41 °C. To compare the three samples, we deter-
mined the first moment (�z�) of the segment con-
centration profile as a measure of the average
thickness. The first moment of the profile de-
creases from 269 to 252 Å over this temperature
range. Regarding the profile shape, at both tem-
peratures the profile is steplike, with a smooth
transition region to bulk D2O. This indicates that
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the brush exists in a single dense layer in each
case, although the transition region is broader at
20 °C.

Figure 2(a) shows NR data for the 44,000 g/mol
PNIPAM sample in D2O at 20 and 41 °C. Large
changes can again be observed over this temper-

ature range for q � 0.06 Å�1. The curves through
the data correspond to the segment concentration
profiles shown in Figure 2(b). Unlike the 71,000
g/mol sample, a single-layer profile with a smooth
transition region to bulk D2O described by a
Debye–Waller factor is not able to precisely de-
scribe the data for this sample at 20 °C. Much
better agreement with the data can be obtained
with a two-slab model, in which the foot of the

Figure 1. (a) Neutron reflectivity data from the
71,000 g/mol PNIPAM sample at 20 and 41 °C in D2O.
The data at 41 °C have been shifted on the y axis for
clarity. The error bars are comparable to the size of the
symbols at the highest q values. The curves through
the data correspond to the best fits with model segment
concentration profiles (R is the reflectivity). (b) Best fit
concentration profiles from the 71,000 g/mol PNIPAM
sample in D2O at 20 °C and after heating to 41 °C.

Figure 2. (a) Neutron reflectivity data from the
44,000 g/mol PNIPAM sample at 20 and 41 °C in D2O.
The curves through the data correspond to the best fits
with model segment concentration profiles. (b) Best fit
concentration profiles from the 44,000 g/mol PNIPAM
sample in D2O at 20 °C and after heating to 41 °C.
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profile is more pronounced. At 41 °C, the profile is
again steplike, with a small transition region. The
first moment of �(z) decreases from 196 to 149 Å
over this temperature range.

Figure 3(a) shows NR data for the 13,000 g/mol
PNIPAM sample in D2O at 20 and 41 °C. For this
sample, there was also a significant change in the
reflectivity over this temperature range for
q � 0.06 Å�1. The curves through the data corre-
spond to the segment concentration profiles
shown in Figure 3(b). A distinctly bilayer profile is
required to fit the data at 20 °C composed of an
approximately 70-Å layer of a high segment con-
centration at the substrate surface followed by a
second layer of a much lower concentration that
extends much further into the subphase. The data
are not consistent with a single-layer profile with
a smooth transition region to bulk D2O, as for the
71,000 g/mol sample. This is shown in Figure 3(c),
which compares the best fits with single-slab and
two-slab models with Debye–Waller factors at
each interface. The �2 value for the best fit with a
single-layer profile is 258 compared to 16 for the
two-slab profile. As the temperature increases to
41 °C, the profiles in Figure 3(b) reveal that the
layer near the substrate surface becomes larger
at the expense of the more extended layer. The
first moment of �(z) decreases from 101 to 64 Å
over this temperature range. We note that the
profile at 20 °C extends to a distance that is
comparable to the theoretical value for full exten-
sion of the chains, assuming a monomer length of
3 Å. This is likely due to the fact that the gradient
at the solution interface in the model one-dimen-
sional profile includes a contribution from in-
plane heterogeneity as well as the actual segment
distribution normal to the surface. Polydispersity
no doubt also contributes.

The profiles for the three samples at 20 °C are
plotted together in Figure 4(a), and those at 41 °C
are plotted in Figure 4(b). At 20 °C, the profile
becomes more distinctly bilayer with decreasing
M, whereas at 41 °C, the shape of the profile
varies much less with M.

Figure 3. (a) Neutron reflectivity data from the
13,000 g/mol PNIPAM sample at 20 and 41 °C in D2O.
The curves through the data correspond to the best fits
with model segment concentration profiles. (b) Best fit
concentration profiles from the 13,000 g/mol PNIPAM
sample in D2O at 20 °C and after heating to 41 °C. (c)
Best fits to the data for the 13,000 g/mol PNIPAM
sample in D2O at 20 °C with (- - -) single and (—)
two-slab profiles. The error bars are comparable to the
size of the symbols at the highest q values.
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The first moment of the profile at 20 and 41 °C
is plotted versus M in Figure 5. This plot shows
that the fractional change of the first moment of
the concentration profile with temperature de-
pends strongly on M. As the temperature in-
creases from 20 to 41 °C, the first moment of the
concentration profile decreases to 94, 76, and 63%
of the value at 20 °C for the 71,000, 44,000, and
13,000 g/mol samples, respectively. The fact that
the smallest fractional change in thickness with
temperature occurs for the brush with the highest

M value is surprising. This arises due to the
rather weak dependence of �z� on M at 20 °C. If
power laws are fit to the data, we obtain �z�
� 0.42M0.58 at 20 °C and �z� � 0.030M0.79 at 41
°C. We note that the data do not strictly follow a
power-law dependence, but rather there is a small
systematic deviation in the data from that depen-
dence at both temperatures. Nevertheless two im-
portant points can be made. First, the approxi-
mate dependence �z� � M0.58 at 20 °C is much
weaker than expected for grafted chain systems
under good solvent conditions that involve only
van der Waals (VDW) interactions, such as poly-
styrene (PS) in toluene. In the latter case, the
dependence is predicted to be �z� � M0.6 for � � 1,
where the grafted chains do not overlap, and to
increase with � until the limiting scaling behav-
ior of �z� � M is reached around � � 20.36 Exper-
imentally, the layer thickness for PS in a good
solvent varies as M0.86 for � � 2–12,19 and the
layer thickness for poly(dimethylsiloxane) in a
good solvent varies as M for � � 12–79.37 The
present data for PNIPAM span a � range of 12–
78. Thus, the observed dependence is far weaker
than expected for good solvent systems involving
only VDW interactions, and the amount of chain
stretching for the highest M sample is much less
than would be expected for a VDW system.38 Sec-
ond, the dependence of �z� on M is much stronger
at 41 °C than at 20 °C. The dependence at 41 °C

Figure 4. Best fit profiles for the (—) 71,000, ( )
44,000, and (- - -) 13,000 g/mol samples at (a) 20 and (b)
41 °C.

Figure 5. The first moment of the segment concen-
tration profiles versus the weight-average molecular
weight (Mw) at (�) 20 and (F) 41 °C. The error bars are
comparable to the size of the symbols for the 44,000 and
71,000 g/mol samples at 41 °C.
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is closer to the expected limiting scaling behavior
of �z� � M. Because the extent of overlap, or �, is
reduced at 41 °C due to the more contracted Rg
under the poorer solvent condition, a dependence
somewhat weaker than that for the limiting scal-
ing behavior is reasonable.

The surprisingly weak dependence of �z� on M
at 20 °C and the trend from a bilayer profile at
lower M values to a single-layer profile at higher
M values appear to be related. Two possible ex-
planations for this are offered. Both explanations
require that the net segment–segment interac-
tions are attractive to some extent at high seg-
ment concentrations at 20 °C. This is consistent
with the concentration-dependent � description
discussed previously for uncharged water-soluble
polymers such as PNIPAM and poly(ethylene ox-
ide) (PEO).39–46 For such polymers in water, sev-
eral two-state models have been proposed in
which monomers interconvert between hydropho-
bic and hydrophilic states. These models differ in
the presumed physical origin of the two
states.41–45 For example, monomer–monomer
contacts may suppress hydrogen bonding be-
tween the solvent and monomers41–43 or cause a
difference in the dipole moment due to an internal
bond rotation.44 All of these two-state models re-
sult in an effective interaction parameter (�eff)
that is a function of both the monomer volume
fraction (�) and the temperature (T). A recent
study of bulk phase behavior in PNIPAM/water
systems resulted in an empirical expression for
�eff(�,T) that retains a strong concentration de-
pendence even at 20 °C.46 This expression implies
that the segment–segment interactions are at-
tractive at high segment concentrations at 20 °C.

For laterally uniform layers of grafted PNI-
PAM, the results of the experimentally derived
expression for �eff(�,T) have been examined at
28 °C. This has resulted in the prediction of a
vertical phase separation within the brush at
high � values.39 The bilayer profile reported here
for the lower M sample at 20 °C may be consistent
with this prediction. However, the M dependence
of this effect has not yet been explored theoreti-
cally. Therefore, it is not clear if vertical phase
separation is expected at lower T for lower M as
our data would indicate.

Another possible scenario to explain the trend
in the profile shape and the weak dependence of
�z� on M at 20 °C involves lateral heterogeneity. It
is possible that the bilayer at 20 °C for the low-M
sample represents a laterally heterogeneous layer
and that the layer becomes more uniform with

increasing M. In this view, the extra segment
density for the higher M sample serves to achieve
a more uniform layer, instead of producing addi-
tional extension from the surface. Future work
involving AFM imaging for the samples with dif-
ferent M values should help to resolve this.

We note that a somewhat similar phenomenon
was reported by Szleifer and Carignano47 even in
the absence of concentration-dependent interac-
tions. They treated tethered chains under various
solvent conditions with a single-chain mean-field
statistical mechanical approach. In theta condi-
tions, they observed lateral heterogeneity and a
more bilayer-like distribution at lower � values
and a steplike profile and a more laterally uni-
form distribution at higher � values (Fig. 34 of
ref. 47). They did not report the M dependence of
the layer thickness. Their approach treated sys-
tems described by the standard concentration-
independent Flory � parameter. Their calcula-
tions indicated a more uniform layer under poor
solvent conditions as the chains collapsed normal
to the surface and spread out laterally to form a
relatively uniform carpet. A more homogeneous
layer also resulted in good solvent conditions as
the chains expanded. Thus, it is possible that the
bilayer profile for PNIPAM at 20 °C could be
explained by a laterally heterogeneous segment
distribution resulting from a sufficiently low �
value and a concentration-independent � param-
eter corresponding to nearly � conditions. How-
ever, � is approximately 12 for our lowest M sam-
ple, indicating substantial chain overlap. Also, we
note that although the dependence of Rg on M for
free PNIPAM chains in water at 20 °C (Rg

� M0.55)33 is somewhat weaker than the depen-
dence for VDW systems under good solvent con-
ditions (Rg � M0.60 such as for PS in toluene48),
the observed dependence greater than Rg � M0.50

indicates a solvent condition substantially better
than � conditions. We do not believe that a solvent
condition better than � can lead to the weak de-
pendence of �z� on M observed. Finally, prelimi-
nary AFM measurements indicate little change in
lateral heterogeneity with temperature. Thus, a
concentration-dependent �eff appears to be a bet-
ter explanation.

The fact that the profiles for the three samples
at 41 °C are more similar in shape than those at
20 °C can be explained by the fact that at 41 °C
the segment–segment interactions are much
more attractive [or, for �eff(�), are attractive over
a much wider concentration range]. This leads to
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more uniform, contracted steplike profiles for all
M values.

We note that the conformational changes with
temperature reported here are much larger than
in our previous study involving PNIPAM chains
end-tethered at a low surface density (�2 �
10�4 chains/Å2) by other methods.30 The larger
conformation change with T is likely due to the
much higher surface density in this case. This is
in line with the theoretical predictions of Baulin
and coworkers39,40 and more recent numerical
self-consistent field calculations.49 A related ex-
perimental result was reported previously by
Walldal and Wall.25 They studied the coil-to-glob-
ule transition of PNIPAM adsorbed onto colloidal
silica particles with dynamic light scattering.
They found that shrinkage of the PNIPAM layer
depended on the amount of the adsorbed poly-
mer. When a small amount of polymer was ad-
sorbed onto the particles, a coil-to-globule tran-
sition at the LCST did not occur, but instead the
contraction of the layer was smooth and gradual
with increasing temperature through the LCST.
However, when more PNIPAM was adsorbed
onto the particles, they observed a distinct tran-
sition at the LCST.

CONCLUSIONS

Neutron reflectivity has been used to study the
effect of M on the temperature-dependent confor-
mational change of PNIPAM chains grafted at a
high density and immersed in D2O. A significant
contraction was observed as the temperature
passed through the LCST for all three M values
examined. This contrasts with our previous re-
sults for samples with much lower surface den-
sity. Both the form of the profile and the frac-
tional extent of contraction are strong functions of
M. At 20 °C, a single-layer profile was obtained
for the highest M sample, but the profiles in-
creased in bilayer character with decreasing M.
At 41 °C, the profiles for all three samples were
adequately described by a single layer, with a
smooth transition region to bulk D2O. The frac-
tional decrease in the first moment of the concen-
tration profile from 41 to 20 °C was weaker for
higher M values. This is in contrast to systems
involving only VDW interactions, and arises due
to the fact that the M dependence of the layer
thickness at 20 °C is far weaker in this system
than in VDW systems under good solvent condi-
tions. This latter fact appears to be related to the

bilayer profiles observed for the lower M samples
at 20 °C. These results are interpreted in terms of
concentration-dependent segment–segment in-
teractions, a phenomenological notion derived
from the bulk phase behavior of PNIPAM in wa-
ter and invoked in various two-state models for
PNIPAM and PEO.
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